Birth cohort studies of developmental defects of enamel (DDE) and early childhood caries (ECC) in very low birthweight (VLBW) and normal birthweight (NBW) infants are rare. In this birth cohort of 234 VLBW and 234 NBW infants, we report the incidence of ECC and DDE at 8 and 18-20 mos of corrected age. Infant medical and maternal socio-demographic data were abstracted from medical records at birth. Dental assessments for ECC and DDE (enamel hypoplasia, demarcated and diffuse opacities) were completed at 8 and 18-20 mos. The incidence of hypoplasia was significantly higher in VLBW compared with NBW infants (8 mos, 19% vs. 2%; 18 mos, 31% vs. 8%). The incidence of ECC (International Caries Detection and Assessment System: ICDAS ≥ 2) was 1.4% (8 mos) and 12% (18-20 mos) and was similar between the VLBW and NBW groups. At both ages, using a beta-binomial regression model to control for potential confounders (maternal and infant characteristics), we found increased risk for enamel hypoplasia among the VLBW infants compared with the NBW infants. African Americans had a lower risk for enamel hypoplasia at 18-20 mos. The VLBW infants should be monitored for ECC due to the presence of enamel hypoplasia.
sia, demarcated, diffuse opacity), hypoplasia, in particular, increases the susceptibility for primary dental caries (Oliveira et al., 2006; Caufield et al., 2012) . Prevalence estimates for DDE in diverse populations of very low birthweight children (VLBW) range between 52 and 96% (Johnsen et al., 1984; Seow et al., 1989; Lai et al., 1997; Aine et al., 2000; Takaoka et al., 2011) . VLBW occurs most frequently with pre-term birth, and disproportionately among African Americans and those of lower socio-economic status (Hamilton et al., 2012) .
The central hypothesis for DDE in VLBW infants is through altered calcium homeostasis from systemic causes during the pre-and post-natal periods, and/or through local causes because of endotracheal intubation and mechanical ventilation during the post-natal period (Seow et al., 1989) . Consequently, ameloblasts and odontoblasts can be affected in the pre-and post-natal periods due to various maternal and child risk factors (Caufield et al., 2012) . The clinical expression of these systemic and/or local insults during the enamel matrix formation, mineralization, and maturation phases results as qualitative (opacity) or quantitative (hypoplasia) defects (Suckling, 1989) . In the only cohort study, Lai and colleagues (1997) followed 50 VLBW and normal birthweight (NBW) children from 30 to 52 mos and found that enamel defects were related to increased caries in the VLBW group. More recently, Caufield et al. (2012) suggested an association between enamel hypoplasia and severe ECC.
There are longitudinal studies investigating ECC risk (Oliveira et al., 2006; Thitasomakul et al., 2009; Targino et al., 2011; Warren et al., 2012; Zhou et al., 2012) . However, there are no longitudinal birth cohort studies assessing the relationship between VLBW and ECC taking into account multiple putative mediators, moderators, and confounders. The causal relationship between birthweight and ECC is through a complex set of pathways that includes biological and environmental mediators, with DDE being one of the biological factors (Nelson et al., 2010) .
In this study, we hypothesized that the incidence of DDE and ECC among VLBW would be higher compared with that in NBW infants as a result of the pre-and post-natal systemic complications of preterm birth, after adjustment for the confounding effects of maternal socio-demographic and infant factors.
MEthODs study Design
The infants and biological mothers are part of a larger cohort study to assess the effect of birth group (exposure: VLBW, NBW) on ECC (outcome). For assessment of the causal relationship between birth group and ECC, a complex set of pathways that includes biological (DDE, salivary Streptococcus mutans) and environmental (medical, socio-behavioral) mediators, together with the influence of potential confounders (sociodemographics) and genetics, is being investigated. This report presents a reduced model of the effects of confounders on ECC and DDE in infants before 2 yrs of age.
study setting and participants
The infants and mothers were recruited at birth from 2 hospitals whose neonatal intensive-care units treat the majority of infants with medical complications in Cleveland and surrounding suburbs. VLBW infants were preterm (< 37 weeks' gestation) with birthweight ≤ 1,500 g. NBW infants were healthy and full-term (≥ 37 weeks' gestation), with birthweight ≥ 2,500 g. Infants with major neurological problems and/or congenital malformations or those whose mothers had major psychiatric or physical illness, HIV exposure, were < 18 yrs of age, suffered from drug or alcohol addiction, did not speak English, or who lived greater than a two-hour driving distance were excluded to minimize selection bias due to compliance. One infant out of twins/triplets who met the inclusion/exclusion criteria was randomly selected. The infants were recruited during a 3-year time period (2007) (2008) (2009) (2010) . Follow-up visits were conducted at approximately 8 and 18-20 mos of corrected age (i.e., actual weeks since date of birth minus weeks premature) to coincide with the primary tooth eruption patterns. The sample size required for testing the hypothesis of the original study is given in the Appendix. The Institutional Review Boards of the participating hospitals gave approval, and parent/guardian consent was obtained. This manuscript conforms to the STROBE guidelines for observational studies.
Measures

Demographics and Medical Assessments
Socio-demographic and medical data were abstracted from medical records and used for this study and included: mother's age, race (African American vs. Caucasian/other), ethnicity (Hispanic vs. not Hispanic), education (< 12 yrs, ≥ 12 yrs), number of live births (para), smoking status (yes, no), marital status (single, other), and socio-economic status (SES, low, high; Hollingshead, 1957) . Medical data included infant's birthweight, gestational age, vaginal or C-section delivery, Apgar scores, days of hospitalization, assisted ventilation, oxygen use, and gender. Infants were also classified (Olsen et al., 2010) as small for gestational age (SGA: ≤ 10th percentile) or appropriate for gestational age (AGA: >10th percentile), and by hospital of birth (UH, Metro).
Dental Examination and Outcomes
The infants were visually examined by means of a portable headlight and mirror at 8 and 18-20 mos. The presence of developmental enamel defects was determined according to the modified DDE index (FDI Commission on Oral Health, Research and Epidemiology, 1992) . The index identifies and defines the type (hypoplasia, opacity, combination defects), number (single, multiple), and location (on surface) of tooth enamel defects on the buccal and lingual surfaces of all primary teeth. Plaque was removed with gauze before DDE examination, and tooth surfaces were examined wet. The presence of ECC was determined according to ICDAS (Pitts, 2004) .
Dental outcomes included DDE and ECC. The DDE index type was utilized to calculate the 3 summary measures for each infant: mean number of teeth affected by hypoplasia, demarcated opacities, and any DDE defect. Based on the summary measures, infants were further categorized (0 = no, ≥ 1 = yes for hypoplasia, demarcated opacity, or any defect) to determine incidence. According to the AAPD (2008) ECC definition, the numbers of decayed (ICDAS lesion code ≥ 2, which includes early non-cavitated and cavitated lesions) and filled (ICDAS filling code ≥ 3) primary teeth (dft) were calculated. Further, infants were categorized according to dft (0 = no, ≥ 1 = yes) to determine incidence of ECC.
Examiners were trained and calibrated against gold standard examiners. For ICDAS examinations, the reliability was good to excellent, with an inter-rater WKappa of 0.69 -0.92 and intrarater WKappa of 0.81 -0.92 . For DDE examinations, the reliability was moderate to excellent, with an inter-rater WKappa of 0.56 -0.90 and intra-rater WKappa of 0.78 -0.93. The dental examiners were blinded to the birth group.
Data Analysis
Preliminarily, maternal socio-demographic, infant medical, and unadjusted dental outcomes were compared between the VLBW and NBW groups, with t tests applied for unequal variances for sample means and Pearson chi-square tests for categorical variables.
DDE was modeled based on the 3 summary measures (the number of teeth affected by hypoplasia, demarcated opacities, and any type of defect) separately for the 8-and 18-to 20-month visits. ECC was modeled at 18-20 mos only, since very few infants have ECC at 8 mos. Each endpoint was analyzed in either a beta-binomial (BB) regression model (Haseman and Kupper, 1979) or a zero-inflated beta-binomial model (ZIBB, Cheung, 2006) , depending on which model provided a better fit according to the Akaike Information Criterion (AIC). These models take into account the number of erupted teeth and allow for extra-binomial variability. The covariates for each model included exposure (VLBW, NBW) and confounding maternal (race, education, age, marital status, SES) and child (gender, birth hospital) socio-demographic variables. Model coefficients were estimated by maximum likelihood and tested via modelbased t tests. Only participants with complete data (assumed to be a random subsample) were included in the analysis.
In addition, the adjusted relative risk for each covariate was estimated by a model standardization technique (Albert et al., 2013) . Ninety-five percent confidence intervals for each relative risk were computed by the bootstrap percentile method (DiCiccio and Efron, 1996) based on 2,000 bootstrap samples. Bootstrap samples yielding extreme relative risks (> 1,000 or < 0.001) were excluded from the computation of confidence intervals. SAS Version 9.3 (SAS Institute Inc., Cary, NC, USA) was used for all analyses.
rEsuLts sample characteristics
Enrollment and participation are outlined in Fig. 1 . Specifically, 890 potential participants were approached, with 566 enrolling into the study. Between enrollment and the start of any study visits, 98 were removed from the study, with a resulting sample of 468 (VLBW, 234; NBW, 234) active participants. Maternal characteristics (Table 1) were generally similar, but the VLBW group had more mothers who were Hispanic, lower SES, and with fewer live births (para). Those in the VLBW were significantly different from those in the NBW group in medical characteristics (Table 1) , mainly due to the inclusion criteria of our study. Of 468 active participants, 386 (82.5%) and 378 (81%) participated at 8 and 18-20 mos, respectively. Some birth characteristics of maternal participants were significantly different from those of non-participants: At 8 mos, they had fewer live births and were married, and at 18-20 mos, they were older and there were fewer smokers.
In total, 386 (VLBW, 204; NBW, 182) and 378 (VLBW, 194; NBW, 184) infant-caregiver dyads participated at the 8-and 18to 20-month visits, respectively. The mean corrected age at visits was significantly (p < .05) lower in the VLBW (8 mos, 9.2 ± 1.6; 18-20 mos, 20.6 ± 3.2) compared with the NBW group (8 mos, 9.7 ± 1.9; 18-20 mos, 21.3 ± 3.3). Since the VLBW dental visits were coordinated with their follow-up medical visits, they had fewer reschedules, no-shows, and lost contact information compared with the NBW infants. Maternal birth characteristics (Appendix Tables 1, 2) were generally similar, but at 8 and 18-20 mos the VLBW had consistently more mothers who were of lower SES, and with fewer live births (para).
At 8 mos, the VLBW group had a significantly higher proportion (28% vs. 18%) with unerupted teeth compared with the NBW infants, but at 18-20 mos, all infants had erupted teeth. Among those infants with erupted teeth (n = 296) at 8 mos, the mean number of teeth was similar between the VLBW and NBW groups, while at 18 mos the VLBW infants (15.0 ± 3.0) had significantly fewer teeth compared with the NBW infants (15.6 ± 2.7).
hypothesis testing
The unadjusted incidence of enamel hypoplasia (Table 2) was significantly higher in the VLBW compared with the NBW group (8 mos, 19% vs. 2%; 18-20 mos, 31% vs. 8%). Any DDE defect was also significantly higher among the VLBW infants, but demarcated opacities were similar (Table 2) . At both ages, in the VLBW group, enamel hypoplasia was the predominant defect, while in the NBW group it was demarcated opacities (Table 2) . At 8 and 18-20 mos, the overall incidence of ECC was 1.4% (4/296) and 12% (46/378), respectively, but it did not differ significantly between the VLBW and NBW groups ( Table 2) .
For the multivariate analysis, the BB model provided a better fit (according to AIC) for DDE, and the ZIBB model provided a better fit for ECC. All models provided an adequate fit according to a 0.05 alpha-level chi-square test. Table 3 indicates that, at 18-20 mos, those in the VLBW had approximately 5 and 2.3 times greater risk for enamel hypoplasia and any defect, even after adjustment for socio-demographic variables (Hypoplasia RR = 4.77, 95% CI 2.8, 9.9; Any defect RR = 2.27, 95% CI 1.6, 3.3). Enamel hypoplasia was 47% less likely in African Americans. At 8 mos, based on 254 complete cases with teeth (Appendix Table 3 ), only 'birth group' (VLBW) in the model showed significantly increased risk (RR = 14.5, 95% CI 5.3, 41.0) for enamel hypoplasia. Neither 'Birth group' nor any other socio-demographic variables affected demarcated opacities (8 and 18-20 mos) or ECC at 18-20 mos.
DIscussIOn
To our knowledge, this is the first epidemiological study to assess the causal relationship between a large birth cohort of VLBW and NBW infants and ECC, by studying biological and environmental mediator pathways, potential moderators, and confounders for ECC. This first report looks at the risk for DDE and ECC at the time of newly erupting primary teeth after adjustment for confounding effects at 8 and 18-20 mos. The effects of mediator pathways on ECC in this cohort will be studied longitudinally at later infant assessments (i.e., 36 mos), when the entire primary dentition is present. The findings at 8 and 18-20 mos support our hypothesis of increased DDE in VLBW infants, but ECC was similar between the birth groups. Due to pre-and post-natal medical complications in VLBW infants, manifestation of DDE can occur as early as 8 and 18-20 mos. But the delay in tooth eruption among VLBW (i.e., the teeth may not have been present for long) could have influenced ECC results, despite those in the VLBW group having increased enamel hypoplasia. Although non-significant, those in the VLBW group did have increased numbers of teeth affected by ECC (Table 2) , similar to prior findings (Lai et al., 1997) in children approximately 41 mos old. Our findings suggest that VLBW infants are at a significant risk for enamel hypoplasia, a quantitative defect, at both 8 and 18-20 mos. These results are similar to those in prior reports in the literature for children > 24 mos of age (Seow et al., 1989; Lai et al., 1997; Aine et al., 2000 : Rythén et al., 2012 . The VLBW group had significantly greater medical needs, suggesting that altered calcium homeostasis combined with local insults during the pre-and/or post-natal period may have had an effect on the enamel matrix formation and mineralization phases. Intrauterine growth restriction (IUGR), as measured by SGA, was significantly associated with increased DDE (Pinho et al., 2012) in 1-to 5-year-old children. Our descriptive results at 18-20 mos indicate that 19% of VLBW infants (16/85) and 7% of NBW infants (3/45) who had DDE were SGA. So, we speculate that the likely mechanism is not just intra-uterine malnutrition, but also a host of other medical problems that creates an environment for calcium and mineral insufficiency both pre-and postnatally. In particular, low SES associated with VLBW may be a surrogate for inadequate nutrition, high risk behaviors, and medical conditions, thereby having an influence on enamel hypoplasia (Caufield et al., 2012 ). An interesting unexpected finding was that, at 18-20 mos, African Americans had a significantly decreased risk for enamel hypoplasia, even after adjustment for birth group and other sociodemographic variables. A lower non-significant risk for African Americans was also observed at 8 mos. Deciduous enamel has been found to be significantly thicker in blacks compared with whites (Harris et al., 2001) , and whether this provides a protective effect for hypoplasia needs to be explored further.
A difference in demarcated opacities, a qualitative defect, between the groups was not found, suggesting that post-natal insults may have occurred during later phases of enamel maturation. Due to medical and technological advancements, the postnatal survival and care of VLBW infants have improved vastly over the past decades (Philip, 2005) , thus probably reducing potential damage to the maturing enamel.
The incidence of DDE found in our VLBW infants was lower compared with the prevalence rates found in previous literature (Johnsen et al., 1984; Seow et al., 1989; Lai et al., 1997; Aine et al., 2000; Takaoka et al., 2011) . First, our study infants were younger (< 2yrs) than in previous studies; thus, the entire primary dentition was not present; Second, our rates may also be underestimated due to cooperation issues (moving, crying) when young infants are being examined. A prior study of this same cohort indicated that photographic examinations detected significantly more DDE compared with clinical examinations (Chen et al., 2013) .
VLbW and Ecc
Our results indicate that the incidence of ECC at 18-20 mos was 12%-two times higher than a national sample of 2-year-old U.S. children (6.5%; Nunn et al., 2009 )-possibly reflecting the lower SES of our sample. While there were no differences in ECC between birth groups, it is possible that VLBW had newly erupted teeth that were thus not present long enough for demineralization activity. The presence of enamel hypoplasia provides ideal retentive surfaces for early bacterial colonization, thus promoting ECC (Caufield et al., 2012) . In future reports, the role of S. mutans bacterial activity between the groups will be investigated.
An important strength of this study is that children were examined from infancy, which afforded us the knowledge of their birth history as well as the ability to track the DDE on surfaces/teeth longitudinally, to see subsequent caries development. The limitations include losses to follow-up, as expected with any longitudinal investigation. However, with successful retention strategies, nearly 82% of the cohort was retained. Additionally, we accounted for these losses in the initial recruitment numbers, and thus sufficient power existed to detect differences between groups for this report. The difficulties in examining moving and crying infants may have resulted in underestimated incidence rates, but our examiners were all pediatric dentists/residents trained in examining infants. VLBW infants are at increased risk for enamel hypoplasia, with the mechanism pointing to in utero insults during tooth formation. Although ECC was similar between the groups, the VLBW group needs continued monitoring for ECC, due to the presence of enamel hypoplasia. 
